Objectives: To investigate the genetic basis of catQ-mediated chloramphenicol resistance in Streptococcus agalactiae.
Introduction
The first and still predominant mechanism of bacterial resistance to chloramphenicol is enzymatic inactivation by different chloramphenicol acetyltransferases encoded by cat genes. 1 catQ, an uncommon cat gene, was originally described in Clostridium perfringens 2 and then sequenced (accession no. M55620). Several years later, after only another 'catQ-like' gene had been reported in a Streptococcus agalactiae strain, 3 Mingoia et al. 4 described catQ in two isolates of Streptococcus pneumoniae (accession no. AJ971089, 96.2% identical to catQ from C. perfringens). Furthermore, in such strains catQ was linked to a mef gene of an uncommon subclass, mef(I), 5 in a 15.1 kb DNA fragment that was designated 'IQ element' 4 and later 'IQ module'. 6 IQ modules have subsequently been detected in Streptococcus pyogenes 7 and in different species of viridans group streptococci, which at times bore mef(E) instead of mef(I). 8, 9 Three IQ modules-the S. pneumoniae prototype and two IQ modules from S. pyogenes-have recently been shown to be carried by Tn5253 family integrative and conjugative elements (ICEs). 10 Though variable, the IQ modules consistently encompass, and are sometimes reduced to, a conserved 5.8 kb DNA fragment spanning from mef(I) [or mef(E) in some viridans group streptococci] to catQ and exhibiting a typical restriction profile. 8 The IQ module has not been reported outside streptococci and its origin is unknown.
The present study stems from the recent isolation of two chloramphenicol-resistant, catQ-positive clinical isolates of S. agalactiae. The uncommon occurrence of chloramphenicol resistance in this species, 11 the poor knowledge of relevant genetic elements and the involvement of catQ prompted the present genetic investigation. In both isolates, catQ was associated with mef(I) in an IQ module contained in a new mosaic ICE resulting from the recombination of S. agalactiae ICESagTR7 12 and S. pneumoniae ICESpn529IQ. 
Materials and methods

Bacterial strains
Two clinical isolates of S. agalactiae, Sag236 and Sag403, were investigated. They were two of four chloramphenicol-resistant isolates detected in a total number of 285 clinical S. agalactiae isolates recovered in hospitals from central Italy during 2013 -15. Whereas the other two isolates displayed no known chloramphenicol resistance determinant, Sag236 and Sag403 bore catQ. Their principal features are summarized in Table 1 .
Antibiotics and susceptibility tests
Chloramphenicol, erythromycin and tetracycline were purchased from Sigma Chemical Co. (St Louis, MO, USA). MICs were determined by standard broth microdilution, making reference to EUCAST breakpoints (http://www.eucast.org/clinical_breakpoints).
Search for antibiotic resistance determinants
Specific primer pairs (Table S1 , available as Supplementary data at JAC Online) were used for the identification of chloramphenicol resistance genes cat pC194 , cat pC221 and catQ, tetracycline resistance genes tet(M) and tet(O) and macrolide resistance genes erm(B), erm(TR), erm(T) and mef; the mef subclass was then identified by PCR-RFLP analysis and sequencing. 8 
Other experiments
Conjugal transfer (using Sag236 and Sag403 as donors and S. agalactiae 1357RF 13 and S. pyogenes 12RF 14 as recipients), Southern blotting [using biotin-labelled erm(TR) and catQ probes] and PFGE pulsotyping were achieved as described recently.
12 Capsular types were determined using a two-multiplex-PCR assay. 15 After MLST, STs were determined according to the S. agalactiae MLST web site (http://pubmlst.org/sagalactiae/). Previously described methods were used for DNA sequencing and sequence analysis 10 and for restriction assays aimed at analysing and comparing the mef-catQ fragments. 8 Other PCR assays were employed for recombination genes, PCR mapping and chromosomal integration. All primer pairs are reported in Table S1 .
Results and discussion
Early characterization of Sag236 and Sag403
Given the typical association of catQ with a mef macrolide resistance gene [mostly of the mef(I) subclass], 6 the experimental work began by looking for mef. A mef(I) gene, 100% identical in the two isolates and 99% identical to the mef(I) gene originally described 5 and sequenced 4 in S. pneumoniae, was detected in both Sag236 and Sag403. Besides catQ and mef(I), both S. agalactiae isolates harboured the tetracycline resistance gene tet(M) and a second macrolide resistance gene, erm(TR). Accordingly, Sag236 and Sag403 were resistant to chloramphenicol, erythromycin and tetracycline.
Sag236 and Sag403 displayed the same ST (ST19), but exhibited a different capsular type (III and V, respectively) and a very dissimilar pulsotype ( Figure S1) .
The above findings, the isolation data and chloramphenicol, erythromycin and tetracycline MICs are summarized in Table 1 .
IQ module in Sag236 and Sag403
In both isolates, mef(I) was located upstream of catQ, forming a conserved mef-catQ fragment that has consistently been described in all the IQ modules that have been reported to date and whose typical restriction profile 8 was detected in Sag236 as well as Sag403. The regions upstream of mef(I) and downstream of catQ were investigated by PCR mapping: in both isolates, the IQ module corresponded to the pneumococcal prototype, except for the absence of the tnp1 transposase gene located upstream of mef(I) ( Figure S2 ).
Genetic context of the IQ module in Sag236 and Sag403
Since the IQ modules detected in S. pneumoniae and S. pyogenes are carried by Tn5253 family ICEs, 10 this ICE configuration was also investigated in Sag236 and Sag403 by PCR mapping. The two integrase genes associated with the Tn5252 moiety of such ICEs, i.e. int 5252 and int Sp23FST81 , were not detected. However, two regions flanking the IQ module were comparable to the corresponding regions of ICESpn529IQ, the pneumococcal ICE carrying the prototype IQ module 10 : one region had the same size ( 6 kb), whereas the other ( 8 kb) was 7 kb smaller. Sequencing of the relevant amplicons demonstrated 100% identity in the two isolates. The sole tnp1 of the IQ module-the one downstream of catQ-displayed 99% DNA identity to the corresponding tnp1 of the prototype (orf22 of S. pneumoniae ICESpn529IQ) ( Figure S2) . Moreover, the Tn916 fragment located next to the IQ module in ICESpn529IQ was not detected. The lack of one tnp1 gene and of the Tn916 fragment accounted for the smaller size of the region upstream of mef(I) in S. agalactiae (Figure 1 ). 
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Mating assays and evidence of a mobile element carrying mef(I), catQ and erm(TR)
In mating experiments, transfer of chloramphenicol and erythromycin resistance was detected, at low frequency (,10 28 ), only from Sag236 to both recipients. All transconjugants carried not only catQ and mef(I), but also erm(TR), suggesting a linkage of the three resistance genes in a mobile element. Compared with the donor, transconjugants exhibited identical chloramphenicol and erythromycin MICs, but were susceptible to tetracycline. The putative catQ-, mef(I)-and erm(TR)-carrying mobile element from Sag236 and the corresponding elements from two randomly chosen transconjugants from each mating assay were explored by a combination of PCR mapping (Table S1) , SmaI-PFGE, Southern blot and hybridization analysis ( Figure S3 ) and partial sequencing (Figure 1) . Notably, the experiments disclosed an equal, though seemingly non-mobile, genetic element in Sag403.
Characterization of the new mosaic ICE
The apparent linkage of catQ and mef(I) with erm(TR)-in the mobile element of Sag236 and related transconjugants as well as in the ostensibly non-mobile element of Sag403-prompted investigation of the new element in the light of our recent survey of erm(TR)-carrying genetic elements in S. agalactiae.
12 Similar to ICESagTR7, described in that study, erm(TR) was carried by IMESp2907 16 embedded in a mosaic new ICE, which was named ICESag236. Primer pairs were those that had enabled characterization of S. pneumoniae ICESpn529IQ 10 and S. agalactiae ICESagTR7 12 in recent studies. Experimental and bioinformatic approaches revealed that ICESag236 (estimated size, 110 kb) was the result of a recombination of the two ICEs with deletions in both components. The deletion in ICESagTR7 consisted in the lack of 70 kb, containing heavy metal (cadmium and arsenic) resistance genes. The deletion in ICESpn529IQ consisted in the lack of orf1 -orf6 ( 5 kb), involved in recombination (orf1, integrase) and mobilization (orf4 -orf6, relaxase and mobilization proteins) functions. The chromosomal insertion of ICESag236 was at the 3 ′ end of the rplL gene, a well-known hotspot for ICE integration in streptococci. 17 
Concluding remarks
Despite very similar phenotypic and genotypic resistance features and the same ST, Sag236 and Sag403 clearly differed in their capsular type and pulsotype. As regards the different transfer ability of the virtually indistinguishable mosaic ICEs from the two isolates, it cannot be excluded that the difference lies mainly in transfer frequency-which is low in Sag236 and even lower, undetectable, in Sag403-and/or depends on other variables.
Of the antibiotic resistance genes detected in the two isolates, catQ, mef(I) and erm(TR) are carried by the new mosaic, multiresistance ICE, whereas tet(M) is located elsewhere. ICESag236 appears to result from the recombination of two separate, recently described ICEs, i.e. (i) S. agalactiae ICESagTR7, 12 which in the recombination process loses about half of its size, but retains the ICE functional modules and erm(TR)-carrying IMESp2907, and (ii) S. pneumoniae ICESpn529IQ, 10 which loses the recombination/mobilization module and the Tn916 fragment, but retains the remainder of its sequence, including catQ and mef(I) (Figure 1) .
Recent reports 18 -20 indicate that recombination events, such as the one likely to have originated ICESag236, are common in (Table S1 ). This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.
streptococcal ICEs. As also confirmed by extensive genome exploration 19 and phylogenetic analysis, 20 such events may cause the formation of mosaics that enhance ICE diversity and spread in streptococci, broadening their host range and leading to new cargo gene combinations.
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